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INTRODUCTION 


The primary object of this paper is to make e eurvey of some of the 
experimentel methods which have been employed to determine the minimum 
oil film thickness in an operating journal bearing with the intert of 
recommending the best method to be used by further inveetigatore, A 
secondary objective ie to include ae many as possible of the various 
methods since their descriptiona are widely dispersed throughout the 
literature, 

The modern tendency toward the use of high—epeed machines with 
heavy load concentrations on the bearings makes it essential to know 
just what thie minimum film thickness is in order to properly design 
compact bearings that will give long and dependable service under adverse 
as well as desirable operating conditions, 

It might be said that the existence of film lubrication was acci- 
dentally diecovered by Tower (1) in his experimente with a bath lubvri-~ 
cated half bearing. This discovery led to the study of lubrication as 
a particular problem in fluid motion, Reynolds (2) arrived at the 
differential equation for the lubrication of a desring, Sommerfeld (3) 
succeeded in integrating Reynold's equation for all values of shaft 
eccentricity and in extending the solution to the half and the full 
bearing, keeping Reynoldis assumptions of neglizible side leakage (an 
infinitely long beering) and regarding the viscosity of the lubricant ae 
conetant, From this point, no mathematical solution, for all ranges, 
which has considered side leakage has deen forthcoming although many 
approximate solutions have been proposed. The solution of Reynold'e 
equation, including side leakage, has been worked out exactly in certein 
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ranges for full and partial bearings subjected to constant load by 
Muskat end Morgan (5), vy Cameron and Woods (6), and by Waters (7). 
A solution of the problem considering both eide leakage and variable 
viecosity wes achieved by Kingsbury (4) with the aid of an electrical 


analogy. 
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DESCRIPTION OF SOME MFTHODS USED 


In 1916 Gimbel (10) made one of the first attempts to determine the 
ehaft eccentricity by means of two levers arranged at right angles. The 
results were not satisfectory, however, on account of vibration, Stoney, 
Boeweall, and Maseey (11) and Boewall and Brierley (8) made some measure~ 
ments using an apparatue decigned by Dr. Gerald Stoney. This apparatus 
consisted of a journal which worked in conjunction with two diametrically 
oprosed bearings carried by two vertical arme, The arms are coupled 
together by two independent links each comprising a bolt with knife-~ 
edge attachments, The distance between the lower peir of knife~edges 
wae fixed. These pointe act as centers about which the srms cen rotate, 
but place no restriction upon small parallel dieplacements of the arms 
in a vertical direction. The upper pair of knife-edges enables pressure 
to be applied on the arms at these points by meane of a spring which can 
ve compreesed by a wing~nut. For the purpose of measuring displacements 
of the bearings relative to the journal, two sensitive micrometers, one 
vertical and the other horizontal, are fitted at the upper end of the 
erms, The accuracy of the measurements is increased by the length of the 
lever arms to which the micrometers ere attached, 

Commencing in about 1916, a group of students under the direction of 
Professor G. BE, Marx (12) at Stanford University conducted a series of 
experiments with lightly loaded bearings using a screw-micrometer arrenge~ 
ment (three micrometers equally epaced around the journal), The stems 
of theese micrometers were passed through the bearing and formed part of 
a seriee electrical circuit with the journal, earphones, and ® amall dry 


cell. With this setup, the earphonee gave a distinct click when the stems 
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of the micrometers were ecrewed into contact with the journal, The 
reeulte of these experimente indicated that the journal tended to ride 
elichtly above the center of the bearing. 

In 1929 Goodman (13) published the results of tests using two Geneva 
Gages epaced at ninety degrees, These gages were mounted in a cage 
secured to the ehaft by two pre-loaded ball bearings, one on each side of 
the test besring. The ends of the gages then rested against the outside 
of the bearing shell, their readinge thus geve the horizontal and vertical 
movement of the center of the journal with respect to the bearing. 

Bradford end Davenport (14%) eive results when using e machine 
(complete description is given in Bulletin No. 39 of the Engineering 
Experiment Station of The Pennsylvania State College) which had three 
equally spaced dial micrometers fitted to the end of the bearing and 
having their etems bearing against the shaft, 

In 1930 Kluge and binckh (15) made some measurements by use of pieso~ 
electric methods, The principle of this method utilizes the property of 
@ crystal of quarts to charge up electrically when it is subjected to forces 
which attempt to deform the orystal, 

Stone (16) used an electromagnetic gage method which consists of 
mounting two U-shaped electremagnets diametrically opposite each other, 
with a ring of laminations ehrunk on the ehaft forming the armature. The 
electromagnete carry a primary and a secondary winding ~— the primaries 
connected in series, the secondaries in series opposed, For a central 
position of the shaft, the voltage in the secondary circuit is sero. As 
the shaft movee, effectively changing the reluctance of the circuit by 


increesing the air gap on one side and decreseing it on the other, the 
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secondary voltege rises directly with the motion, 





Fig, 1. Schematic of Stone's Electromagnetic Micrometer 


The experimental apparatue has a claimed accuracy to less than 
1/100,000 inches, For a slight movement of the armature (shaft), an 
appreciable value of By ~ EY 48 obtained which is a direct measure of 
the shaft movement. Galibration ie obtained by measurement of the 
voltage trace for a known displacement. The shaft movement is then 
obtained by measuring the voltage trace and multiplying by the cali- 
bration factors By using two sets of these measuring coils, the motion 


of the shaft center can be determined, 
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Stone and Underwood (17) measured the minimum film thickness for a 
rotating load by parsing a pin through the bearing and holding it in 
place against the shaft by a leaf spring. This pin in turn was fastened 
to a movable plate of a capacitor, The chnnge in capacity ie thus a 
measure of the film thickness. 

Simons (18) used a capacitive micrometer (detaile of circuit given 
in Blectronics VYol.19, 1946, pp 106-111) which consists of two capacitor 
probes mounted at right angles which will show the position of the 
journal with reference to = fixed point. In principle, minute displace-— 
ments of the shaft are measured as a function of chanzes in electrical 
capacitance between the shaft and the micrometer probes, This capacitance 
is made part of the resonant circuit of a high~frequency radio oscillator, 
and vsristions ceuse eufficient chanses in oscillator frequency to be 
readily measured by techniques developed for frequency~modulation broad- 
caeting. 

Physically, the apparetus uses two probes lapped to the same radius 
ae a short eheft extension secured outside the bearing. These elements 
form essen$ially a esplit—stetor capacitor whose rotor is the shaft extension. 
Bach micrometer channel output is connected normally to one pair of piates 
of an ocecilloecope, The pattern produced on the oscilloscope ecreen by 
rotation of the shaft represents the position of the shaft axis, 

As used by Simons, the oscilloscope ecreen is used as the clearence 
circle, that ia, = circle whose radius is the radial clearance between the 
eheft and betring. Starting with the epot on the scope at the rest 
position of the shaft when the ehaft ie not in motion, the motion of the 


epot will thue repreeent the motion of the shaft center ce the shaft comee 
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up to speed and equilibrium is reached, 

The inetrument is calibrated by measuring the spot deflection on the 
scope for a known ehaft displecement. With thie factor, the shaft eccen~ 
tricity can be determined by making meneurements on the ecope itself or 
on a photograph of the scope, 

Greengough (19) hae experimented with a mutual Inductance type of 
distance measuring element waich was developed on the principle of 
verietione of mutual inductance between coupled alr~core coile excited at 


radic frequency, 


TReimairy = 
; a Ofcom bary 


ee PAETAL SYRITACGE 


CPERFGCT ConDucten, Wev-MA6VETic ) 


The primary coil is excited at radio frequency —- the plane of the coil 
ie psrallel to the plate, Under these conditions the electromagnetic field 
et the surface of the plete is exactly cancelled by the field of the eddy 
currente induced in the plete, A secondary or probe coil pleced just at 
the surface would have no voltage induced in it. If the probe coil is 
moved away from the plate toward the exciting coil, it will be found that 
an increasing voltage ie picked up ae the prove coil is moved closer to 
the primery coil, The voltage output of the probe coil can then be used 
as en indication of the distance between it and the metal eurface, 

To eliminete mechanicel difficulties, both coils are mounted on one 
form, and thie essembly moved with respect to the metal, The instrument, 


as used to mensure shaft eccentricity, coneists of four probes and 
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associated electrical circuite mounted ninety degrees apart around the 
shaft. The base plate is a one and one-half inch wide band of copper 
electroplated on the shaft just outside the bearing area. 

By applying the voltages from the probes to a cathode-ray screen 
and employing the circuite described in the basic paper, the spot on the 
screen if an eccurate reproduction of the shaft eccentricity. The 
method is seid to be eubstantially independent of the dielectric constant 
of whatever ineuvlating material ie placed between the probes and the 
metal surface, Calibration is said to be quite simple, although provision 
must be made in the bearing mounting to move the shaft in the bearing by 
means of a hoist or jacke. The shaft is held against the bearing wall 
immediately under each probe in turn. The reroe-set control for each 
probe is then adjusted so that the spot on the cathode-~ray tube is at the 
center of the screen. Since the sghaft-besring clearance is known precisely, 
thie ficure will be the spacing between the shaft and the bearing at the 
location diametrically across from the point of contact of shaft end bearing. 
The single probe deflection factor is one~half, so that the control knob is 
manipulated for an indication of one-half this total clearance, When these 
adjustments have been made for all four probe assemblies, the instrument 
is completely calibrated. This method also uses the scope as the clearance 
circle, a siven displecement of the ebaft center is known to sive a known 
displacement on the ecope from which the actual shaft eccentricity can be 
determined. 

Tudor (20) made a study of bearing lubrication utilizing the electri- 
cal conductance between the shaft and bearing. Employing es cathode-ray 
oscillograph as an indicator and a moving film camera to record the con- 


ductance variation, he had some success in getting an indication of 
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variations in film thickness (the conductance mearurements were carried 
out by a potentiometric method). For low values of voltage scross ths 
oll film, the current-voltage curve was linear which indicated conetant 
film conductsnce, As the potential across the film was increased, a 
point wage reached where the proportional relationship no longer held, 
the current increasing more rapidly than if the resistance of the filz 
were ohmic. Furthermore, the value of the voltage corresponding to this 
breakdown of the linear relationship is affected by the operating 
conditione of the bearing, 

Tudor has shown that conductance traces can be fairly well repeated, 
but to obtain the film thicknees one must calculate it from the resistance 
of the oil film as obtained from the voltage current curve which must 
first be obtained. The method hae excellent possibilities for the study 
of lubrication phenomena, but in ite present form it hae not been possible 
to correlate the film thicknese against the Sommerfeld variable due to 
the necessity for more rigid control of operating conditions, 

Allen (21) used the method of applying an electrical potential, 
between the bearing and shaft, sufficiently high to rupture the oil] film. 
The breakdown voltage would thus be related to the minimum film thickness. 
Yor the measurements, an audio-frequency oscillator wae used as the 
voltage source, The breakdown voltege was measured by a cathode-ray 


oscilloscope which was connected together with the oscillator as shown. 
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TEST BEARING 


@ Cano: 


Fig, 2. Schematic of Allen's Setup 


The minimum film thickness was then calculated by Knowing the bresk-— 
down voltage and using an aseumed value of the dielectric constant of the 
lubricating oil. 

Shifflette (22) tried two methode of approach, one the measurement 
of the capacitance between the journal and bearing, the other measuring 
the voltage that would canee dielectric breakdown in the oil film, In 
voth cases he used the bearing and journal as electric contacts or plates. 
His determination of film thickness wae to calculate 1t from an assumed 


value of dielectric strength of the lubricating oil, knowing the measured 


capacitance in the one cease and the impressed voltage that would cause 


10 





SoFet piace Te sPieewiet Of lt 


“hwnd wilt SAtWhah YA Oe LATimes we) eae nemminiat LET maembnle wit 
ede 86 dnesease yhistninih aa: WA etien bamenae ae pele bir wed fey amok 
che gat¢esl vat 

treme snes wh) ac timeout Yo ahotane wwe Heled (55) antnld rere 
Se iananes onde add .zeinerd tee Loree ath mates emneddarqes en} te 
si whit Lie ef &f eentteant o2sfnelath seeno Siu tats wepier edd 
weetale =e etondoee aiekmeln te lseeen, Gee _cheerd sult deer wit enone ate¥ 
fuepene a wey! 2) windem ler mt sew emneestAr ath) tn ariteninnetet ofF 
Nenwnees a6¢ artvert iti gAltesivie! edt te neyreste aiyinedath Po autor 
seaat Ef=or wth qed iny hemeeegel af! Ser gees ene eg? ai AeTnt) sense 

or 


breakdown in the second. Yor meaeurement of capacitance, he ueed a 
eimple Wien bridge with the capacitance between the bearing and journal 
being the unknown capacitance, Potential was applied to the bridge by 
an audio-freauency oscillator, with earphones being used to detect the 
minimum balance, 

Vieweg (23, 24) developed two optical methods, one utilizing the pin- 
wheel effect due to a revolving screen on the end of the ehaft, the other 
was based on the diffraction a tangential ray of light. 

Wolff (25) weed an interference methed in which a parallel beam of 
light of homogeneous wave lenzth is directed into the emall clearance 
dbetween a blade and the oil film. To each magnitude of the clearance a 
definite interference corresponds, which is measured on A screen ag a 
distance of interference fringee from the most brilliant middle fringe, 

An intereating method of journel observation was used by Newkirk and 
Grobel (26). To accurately observe the behavior of the journal, the sheft 
wes provided with a stiff projection. To increase the refinement of 
observation, the end of the projection was provided with a recess into 
which a 1/16 inch steel ball was set and centered with small screws. 

This ball acted as a convex mirror of small radivs to give a virtual 

image of the crater of a small direct-current arc lamp. Since the 

diameter of the ball is emall compared with the distence from the light 
source, the position of the virtual image relative to the ball center 
changes very little with emall movements of the ball. A combined microscope 
and camera wae used to obeerve and record the motion of the bail, The ia~ 
strument wae calibrated by determining the movement of the Autovaed Light 


trace for a given shaft displacement. 
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Grecory (27) deseribes a method that hee been used in the determi~ 
nation of very thin filme on plane gliders in which the transfer of radio~ 
activity from one metal through the film to the other surface wae ueed, 
The deposit of radicactivity being dependent upon the thicknese of the 
oil film end time. However, it is doubtful if a like method could be 


used with bearings, due to the operating characteristics, 
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COMPARISON OF EXPERIMENTAL RESULTS WITH THEORTTICAL 


The significance of any experimental result can only be fully 
appreciated if the fundamental conditions associated with the film 
lubricetion of curved eurfaces sre cleerly understood. Film lubrication 
must not be confused with boundary, solid film, or greasy lubrication in 
which the bearing surfeces ore seperated by an extremely thin film end no 
ectuel flow tekee place, The viscoeity of the lubricent and the relative 
movability of the eurfacee are the controlling factore (8). The con~ 
Gitione ere physical and mechanical rather than chemical, with adhesion 
etill having en importent influence, 

For the purpose of comparing the various results of investigators, 
it is felt that the beet method of epproach is that of dynemic similarity 
(9), that is, two journal benrings are dynamically similar if they are 
geometrically similar and operating with equel values of some operating 
variable such es 4&K/P, where N is the number of revolutions per unit 
time, FP the load per unit projected area, and 4 the viscosity, Proceed= 
ing further with dimensional reagoning we arrive at h,,,; le = Sau/?,0/D, 
L/D) where C ie the diametrical clesrance, D ie journal diemeter, L is 
bearing leneth, ¢ is radial clearance, and h,,,, is the minimum oil film 
thickness, This relationehip will remove the requirement of geometrical 
similarity ae far as clearance-dinameter and length~ciameter ratios are 
concerned, For this study, it ie the writer's intention to use curves of 
h,,, /c (dimensionless) against the Sommerfeld varinble (D/O)4x/P for 
corresponding valuee of L/D and ere subtended by the bearing, The above 
curves will be compered with the corresponding theoreticsl values 4s 


given vy Boyd and Raimoni (28). 
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minimum thicknese of the ofl wedge. Using the firet approach, Stone hee 
succeeded in making some apparently accurate measurements of the motion 

of the journal center. He hare done this by simultaneously measuring the 
horizontal end vertical motion of the shaft center by measuring the volt- 
age veriationa with hie electromeenetic eystem, Hie measurements agree 
feirly well with the resulte obtained by the classical theoretical approach, 

Greengough hae used another electromagnetic system and has incorpo- 
rated into it an indicator which is designed to picture the shaft conter 
on a cathode-ray ecope as an illuminated spot. He also hae superimposed 
& scale over the scope which will rend the ninimum thicknese and ites 
orientation directly. It should be poilated out that thie method also 
gives the sheft center position. Greengough's instrument has not yet 
proved to be quantitative, 

Simone hes incorporated the so called capacitive micrometer which 
was originally deeigned to check the rotation of lethe epindles, 
Baeically it attempts to picture the shaft center on a cathode-ray scope. 
His resuite give an excellent picture of the movemente of the shaft center, 
however, it muet be said that hie results are no more in agreement with 
the theoretical values than other methods in regards to minimum film 
thickness, 

From the second, or more direct approach, Allen and Shifflette have 
need the principle that the ofl film will treakdown at its thinest point 
when gubjected to an electrical potentiel between the journal and bearing. 
If consistent resulte could be obtained from this method, it would 
possibly give the best results of all methods. However, to obtain the 


minimus ofl film thickness, one suet calculate it from the dielectric 
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strength of the ofl in use, The exact walue of the dielectric constant 
of very thin ofl filme in bearings which are eubdjected to high pressures, 
high temperatures, and enormous rates of shear will not bear any relation 
to test resuite in a standard cell since wide temperature and pressure 
changes have an eppreciable effect upon the dielectric conetant. 

The conductance method as ueed by Tudor and the cepacitance method 
used by Shifflette also use the bearing and journal ae components of an 
electrical circuit. They make the aesumption of constant geometry and 
also rely on computation of the film thicknees from constants of the oil 
which are considered constant but which do not necesearily remain so, but 
change with the operating conditions of the bearing, 

The writer feele that although the methods useing the bearing and 
journal as parts of en electrical circuit are not quantitative at the 
present time for determining the minimum oi] film thicknese, they are 
etill very useful in bearing study, particularly from the standpoint of 
predicting failure (21), since with these methods one ia enabled to 
predict seizure a considerable time before any other indications of 
failure are obeerved. In thie connection, it could conceivably be ured 
ae a method of obtaining the cause of the first of the train of circum 
etances which lead to bearing failure, 

The writer feels thet the method as described by Greengough, (19) when 
it proves to be quantitative, ehould probably be the preferable method of 
thoee reviewed to be used by future investigators because of ites 
simplicity in operetion and the fact that it should give the ehaft center 
eccentricity and angular orientation directly. However, one must still 


remember the limitations of thie method as pointed out earlier, 
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PROPOSED METHOD OF SHAFT RCCENTRICITY DSTERMINATION 
(ASSUMING THAT THR SHAFT COMES TO AN FOUILIBRIUM POSITION) 

In proposing a new experimental method of determining shaft 
eccentricity or minimum film thickness, it is the writer's intention to 
recommend a method which could be used either for measurements on an 
actual opersting bearing or on a test stand in conjunction with purely 
experimental bearing work. Under there conditions very high rotation 
speeds can be expected, therefore, it is felt that there should be no 
connection to the sheft itself nor thould the test apparatus affect the 
bearing performance, Also, it is the writer's opinion that the measuring 
system should have sufficient damoing to prevent imruleses of a small 
vibratory nature from confusing the actual observation procedures, 

The baeic inetrument to be used is of the new pneumatic type (29) 
in which the preasure between a fixed orifice (G) and a variable orifice 


(S) ie a function of the effective size of the varieble orifice, 
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Fig. 9. Schematic Diagram of Pneumatic Apperatue 
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The size of the orifice G is constant while the effective area of the 
varieble crifice is proportional to the surface area between the orifice 


face and the plate P: 
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The governing equation for this apparatue being , = ees 


where h and H are manometer heizhte ag shown in Figure 9, G is the 
effective orifice size of the fixed orifice, and 5 is the effective area 
of the variable orifice. 

For determining the shaft eccentricity of an operating bearing, two 
of the above gazes would be required -—- one for horizontal measurements, 
the other for vertical measurements, The gages would be secured to the 


bearing (B) and directed toward the journal (J) ae shown in Figure 10, 
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Pie. 10. Orientation of Pneumatic Gages to Shaft 
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Before using these gages to determine the shaft eccentricity one set 
first obtain a calibration curve, It is recommended that this be done by 
measuring the actual separation between the variable orifice face to the 
sheft by an optical interferometer, This calibration would not be 
performed on the shaft but on a like shaft which ie held etiffly in 
place by pre-loaded ball bearings and which is being rotated during the 
calibration. Thie ie necessary because viscous effects will chenge the 
calibration somewhat, Once the calibration curve is obtained, it is a 
etraightforward matter to measure the position of the ehaft with respect 
to the two mounted gages, 

For purely experimental bearing determinations the only change to be 
made is to have the gages mounted in a cradle carried by the shaft and 


have the jets impinge on flat plates mounted on the bearing. 
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For thie arrangement the calibration curve must be redetermined since the 
flat plates are etationary. 
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The primary advantagee of this system are: first, small vibratory 
motions are damped out in the measuring tubea leaving one with the 
estential measurements that are desired, end second, the magnification 
factor is quite high with a eingle gage and can be doubled if deeired 


with a differential type of arrangement, 
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SECOND PROPOSED METHOD OF FILM THICKNESS DETERMINATION 


Since the calibration of any measuring syetem to be used for dynamic 
mescurements ie, at best, extremely difficult, it is the writer's 
intention to devise a scheme for purely experimental determinations, 
which will require no calibration once the wave length of the light 
used is known. 

Essentially, thie apparatus would consist of a quarts bearing model, 
& very accurately ground and polished shaft, light sources, mirrors and 
lenses necessery for focusing the light, and a counting rechanism to 
count the firing shifts at a reflected interferometer pat tere: 

To measure the film thickness, one would pass two beams of mono- 
chromatic light at right anglee through the quartz bearing — the inside 
eurface of which hes been silvered — to the shaft. The light incident 
on the shaft would be reflected to the bearing surface where an inter= 


ference pattern would be pictured, 
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Fig. 11. Schematic Diagram of Proposed Optical Method 


Ae the eurfece of the shaft moves toward or away from the bearing 
surface, the interference pattern would shift ~- causing a fringe to go 


from light to dark for the movement of one-half wave lenzth. 
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The fringe pattern woulc be viewed through two narrow elite, which 
are epeced a distance apart slightly lees than an integral multirle of 
the actual distance between the fringes. The light from each slit would 
fall upon {tea own photo-cell, the output from these ghete-wehie would be 
fed into a counting circuit, as shown in Figure 12, Essentially, this 
eircuit erreangement will give an output at the recorder of the algebraic 
sum of the fringe shifts; that is, if the fringes are moving in such & 
direction ae to cause light to be incident first upon photo~cell Humber 
1 and then on Number 2 -- that is, a le2 trigger -~- the output would be 
the sum of the triggered pulses; on the other hand, a 2—~1 trigger would 
be subtracted leaving the algebraic sum of the number of half wave 
lengthe motion of the shaft with respect to the bearing. 

In operation, one would start from zero et a known shaft position — 
relative to the bearing -- when the shaft is etopred. Then with the 
number of wave lengths motion (by two of the subject enages - one for 
vertical meneuremente, the other for horizontal meacurements) from the 
known pogition, one is enabled to Plot the position of the cheft at any 
time, 

The STEP CHARGER and AMPLIVIER arrangement could poesibly be a 
modification of the radio altimeter. The recorder could be one of 


several types, preferably a brush type, but could even be an indicating 
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meter, 
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Fig. 12 Block Diagram of Fringe Counting Circuit 
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CONCLUSIONS 


In conclusion it must be said that the direct determinstion of the 
minimum oil film thickness is very difficult if not impossible. Several 
methods have been devieed which give the motion and position of the ehaft 
center, These resulte, particularly thore of Simons end Stone, heve 
proved that the shaft center will move somewhat as predicted by the 
hydrodynamic lubrication theory. However, due to the fact that the 
geometry of the bearing is not constant, but varies considerably (in 
comparison with the ofl film thickness) due to local elastic deformation, 
thermal expansion, shaft deflection through the length of the besring, 
and the surface roughnese of the shaft and bearing, lends to the failure 
of any atterpt at determining the minimum oi) film thickness by making 
measuremoente outside the bearing. 

If some definite knowledge of the dielectric strength of the 
lubricating o11 under the conditions it operates in a bearing could be 
ootained, conclusive reeults could be obtained by some method which used 
the dielectric breakdown of the film since this is the most direct attempt 


at meaeuring the filw thickness, 
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APPENDIX A 


Basic cealcnlatione for pneumatic type gage. 





Starting with the continuity equation C, A iy + = 4A Fh 
Ai 
A, > — ] A. = Was ) ASSUME E- = E 


Sher d,*(#-4) = sed sth 


e 
b> He.) le tbrary a= 6h — ~~ -(a) 


ee 


differentiating with respect to s 

oes _ 2: 
ds (1¢ Gst)t 

using the terminology that dh = AAs 


d 5 


(i+ Ss a 
differentiating once more to find the rate of change of 7s 
dts. d*h .- im 2Ost-! 
om = ST 2 Ses ~t ]— —~ —~- (a) 
ds ds* Gal 2 
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; SAD SH — 
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west = bedé we loti eves abs galer 
a * ose os. aii 
——-— 97 


a C hh. he: 
«Fo epede Ds eae aa! Bal) of wren estin gol deliaeveTVit 


wy-=->- = \ 3 72oe x Wee - re. atts 
L "Ce@wes = «uly ae 
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r a 1 
F i magnification ——~:o9 therefore + =) Se Ae 
or maxinum en a ° ere 3 G5, />O or GS Se Vn (>) 


: Sr. . = eh 
or for maximum magnification (. Jy j ° eS 
where S,, is the particuler value of s for maximum magnification 
¢ 
se /6 a. . wae) . Ss a = 2. ; = / o, : 
a —— ag a y) a | w Dy a —= 
eo * 35,, Foie | / l4¢ a. 


thie final reletion gives the relationship between the ratio of the 





orifice diameters, but one must firet find 5S. . To do this we will 


proceed with the critera that we desire the maximum minimum mognification 


Pes) 


over the entire range of measurement. From equation (2) es Pros: 








ee | qe 4 
but from equation (3) Sm = Ve therefore h., +f, + 


where ha is the manometer height when the variable orifice is at a 


distance 5, from the plate, Therefore (”,) 


4 
lad oat f 


. a ast 
From equation (3) and using Q - S15, * V1, - 20352) HY. an Sk 





Ms 2\/5 ag 
rewriting as 7 : -($\) se\e and letting the dimensionless 
Veg (1 "ie 
variable a : ~ Ms) pf — 6X 
~ y = C 3 t™ 
dividing both sides of the above by (7A) rag /# we arrive at 
om 
aa 
a a aS 
(7 ) mar ip C2 ax)* Ce Jee Csr 
a 


We can now make a dimensionlese plot of yy ayainst xX. 
(Ms mney 


We are now ready to introduce the range over which we wish to uee the 
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inetrunent Qs - some known real number, 


Proceeding with a numerical analysis to determine 5,, . To do this we pick 


a series of velues of 0. -m from the curve we can obtain the corres~ 


ponding value of TT hace this will give use “7%; = (4s ) ax (Some Ahem bor | 


but from eoustion (6) (2) 0. ; -4 (@) » These two relations 


will give us Mh, in terms of H and s, 


But since we sterted thie analysis with a picked value of 4s or the 
range of the measurement desired and we have picked various values of ag . 


(Aum ber ) this enables us to find a numerical value of 4% . 
rary 


Example: 2 a ye ee 
P ts, = J fren Curve (Pts)ner - O. ¥3¢ 


(Ms 2.53¢ (Ah), 2 (3) (% )(a.ss6) | beT Su = kbs 


thet is in zy 


2. We -2 ra (0.%3<) 


Since both H and Qs are fixed numbers “7, has some absolute 
magnitude. Going through this seme procedure for many valueer of asf 
we can pick the value of 4354, which will give a maximum minimum value 
of 44, over the range desired. Doing this we find -~ 

Su 5 Aor AS 

no a oe h- 0.9766 
Sa Loo Dot ~ L= 0:87? 


1, = -(Z)(-© oa) x) 
(me = (-#)( %) 


34 





" -  _ eae Lew word ar > ok Oomeerveed) 
Malg or etaF oF GT. .& eilitpeded af derpkewe Leap bvemen © ails anlteenoy!l 
eet af flerlo Ge em fewer wll eet ~ x- te weelee lo walvas © 

MS 


Lass eon Sm ez ) yah PD) > RS. 9G wht cide wise ai ee oe enlwe pal tens 
apeliietes ar pees - eat : yan Sy AA) Gitte wort tod 
v0 bas EW coet al 3 wie owes ithe 
 « 
pee mo oc te eather Ome @ Adie oben ieee ofdd Perrete om enrte owt 


« 3 te aeeler eubhwey Sear ig aemn os Ber Ber hea Poe meetmw tee ant! #o eeer 


oS te eulev (apie @ 408) et ow oleae #iae Wwe) 2 Geant ean 


2 
3 ; : ‘ 38 
vn ‘ wes —- week ° Vos = lonmcf 
ft ¥ Bou - A 
sa ‘ 2X - k& 
Cog Se, Caan ( 3t% ay( > 2 - pare BS) ¥ GS 
1 
' be, 2 ~ a RA ® 
‘ ‘ . he ee — a a Xe 
: 


etoloede aeoe te! NC. epee Senh? err Af bow 8 Pod sont 
YES Ne peer come nH onthtow yy sak eta) anirate ‘gate! cose tomas 
eller momtalk pemtens 2 oety [dt mit = yth erlee at iy aND 
— oll of FAdd gatot .ortieel qaey wat wn qt 

Te SSN = ot 


- =, -! - 
\S SS os re et tte = 


mM SU, GS 2 of me =e. \. - 


w*- 


REIS XK 
eH) a £m 


rm 





= 
z ‘s 


or f. a°t 9g 
Pees daar Pel Wrorerccern etree, | | Rn! EN ee 


1QXh bE) | ~“ony/ 


ste: Nay -- {WW 
Xe vareee 


LOb~ SEP PMOMLALILULLY 


or} 


























BINDERY 
866 
INTERLIB 


USN Euc.Exp sth = 
GC r na pol “S pol 


INTERLIB 





